Purpose To explore the objective functional visual outcomes of cataract surgery in patients with good preoperative visual acuity. Methods We enrolled 130 cataract patients whose best-corrected visual acuity (BCVA) was 20/40 or better preoperatively. Objective visual functions were evaluated with a KR-1W analyzer before and at 1 month after cataract surgery. Results The nuclear (N), cortical (C), and N +C groups had very high preoperative ocular and internal total high-order aberrations (HOAs), coma, and abnormal spherical aberrations. At 1 month after cataract surgery, in addition to the remarkable increase of both uncorrected visual acuity and BCVA, both ocular and internal HOAs in the three groups decreased significantly after cataract surgery (all Po0.05). Point spread function and modulation transfer functions were also improved significantly in these patients (all Po0.05). Conclusions The objective functional vision of patients with 20/40 or better preoperative BCVA improved significantly after cataract surgery. This finding shows that the arbitrary threshold of BCVA worse than 20/40 in China cannot always be used to determine who will benefit from cataract surgery.
Introduction
Recent advances in phacoemulsification have greatly improved its risk-to-benefit ratio, allowing surgeons to offer cataract surgery to patients with a low risk of complications. However, the optimal timing of cataract surgery is still unknown. Several groups have developed criteria for cataract surgery. In particular, the Preferred Practice Guideline of the American Academy of Ophthalmology 1 and the RAND Appropriateness Methodology 2 both emphasize the importance of assessing visual function when determining the need for cataract surgery, while other guidelines were based on expert advice. 3, 4 In China, a widely accepted criterion for cataract surgery is that the best-corrected visual acuity (BCVA) of the patient is lower than 20/40. 5 However, there are always a proportion of cataract patients who have good preoperative visual acuity but complain of poor vision. Therefore, visual acuity seems to provide an inadequate assessment of visual function in these patients.
Wavefront analysis has several advantages in providing greater details on high-order aberrations (HOAs) that might cause significant visual disturbances, such as coma and spherical aberration. 6 Previously, cataract surgeons evaluated visual quality mainly through contrast sensitivity and glare disability, which are now thought to be inadequate for these patients, [7] [8] [9] [10] assessment of wavefront data may serve as a good alternative to these conventional tests in patients with good preoperative visual acuity.
As most internal aberrations of the eye arise from the crystalline lens, aberrometers that can directly measure the internal aberrations allow surgeons to evaluate changes in the internal optical quality of the eye after replacing the cloudy lens with an intraocular lens (IOL). 11 Several new aberrometers (e.g. KR-1W, iTrace, and OQASII) can calculate internal aberrations of the eye directly. Although these aberrometers use different measurement principles, they can provide useful information on causes of functional visual complaints in patients with good visual acuity and benefit of cataract surgery.
With KR-1W, we in the current study evaluated objective functional visual outcomes of cataract surgery in patients with BCVA ≥ 20/40 preoperatively, aiming to determine whether these patients can still benefit from cataract surgery.
Materials and methods
The Institutional Review Board of the Eye and ENT Hospital of Fudan University approved this prospective study. This study was registered at www.clinicaltrials. gov (accession number NCT02182921). All procedures adhered to the tenets of the Declaration of Helsinki Principles and were conducted in accordance with the approved research protocol. Informed consent was obtained from each patient before enrollment.
Patients
We recruited patients who underwent first-eye cataract surgery and whose preoperative BCVA was 20/40 or better in this study. Between September 2013 and March 2014, we performed first-eye cataract surgery in 3385 patients, of which 130 were eligible for this study and enrolled. Eyes with severe fundus pathology, previous trauma, glaucoma, zonular weakness, or diabetic retinopathy were excluded from this study. Figure 1 shows how our total 'first eye cataract patients' were reduced in number by the various exclusion criteria to the number enrolled in the study.
Preoperative examinations
Routine ophthalmic examinations, including assessment of visual acuity, refraction, tonometry, fundoscopy, B-scan ultrasonography, and measurement of axial length (AXL) were performed before surgery. UCVA (uncorrected visual acuity), BCVA, and the spherical equivalent (SE) were recorded. Then, the pupils were dilated using Mydrin P (Santen Pharmaceutical Co., Osaka, Japan). After mydriasis, standard anterior segment photographs were taken (Topcon, Tokyo, Japan), and the type and severity of lens opacification were assessed using the Lens Opacities Classification System, version III (LOCS III) by one experienced ophthalmologist (XJZ). Wavefront aberrometry was performed using a KR-1W analyzer (Topcon, Tokyo, Japan), which simultaneously measures the ocular, corneal, and internal HOAs. 7, 12, 13 Wavefront aberration data were recorded at a pupil diameter of 6 mm. The following aberrations were recorded: coma; trefoil; spherical aberration; tetrafoil; secondary astigmatism; and 3rd order, 4th order, and total HOAs of Zernike polynomials, which were calculated as root mean square values. The aberrometer also yielded Strehl ratio values from the point spread function (PSF) and modulation transfer function (MTF) curves as indices of the eye's optical quality. The KR-1W analyzer could not perform wavefront analysis in posterior subcapsular cataract (PSC) patients because of central opacity.
Surgical technique
All the surgeries were carried out by one surgeon (Prof. YL). A 2.6 mm clear corneal incision was created after topical anesthesia with oxybuprocaine hydrochloride eye drops (Santen Pharmaceutical Co., Osaka, Japan), and was followed by continuous curvilinear capsulorhexis with a diameter of about 5.5 mm. Then, hydrodissection, chopping, and phacoemulsification were performed, followed by irrigation and aspiration of the cortex, and insertion of an aspheric IOL (ZCB00, Abbott Medical Optics, Santa Ana, CA, USA) into the capsular bag. After removing the viscoelastics, the corneal incisions were hydrated. No stitches were used in any patient. Cataract surgery was uneventful in all 130 patients. Starting 1day after surgery, the patients administered prednisolone acetate (Allergen Pharmaceutical Ireland, Westport, County Mayo, Ireland) and levofloxacin eye drops (Santen Pharmaceutical Co. Ltd., Osaka, Japan) four times per day for 2 weeks, and pranoprofen (Senju Pharmaceutical Co. Ltd., Osaka, Japan) four times per day for 1 month. Figure 1 The flowchart shows how our total 'first eye cataract patients' were reduced in number by the various exclusion criteria to the number enrolled in the study.
Postoperative evaluations
Slit lamp examination, assessment of visual acuity, refraction, tonometry, and fundoscopy were performed 1 month after surgery. The overall satisfaction after surgery was evaluated and recorded using a 10 point scale, ranging from 1 = very bad to 10 = excellent by our secretary who was independent of the surgical team. KR-1W wavefront aberrometry and anterior segment photography were repeated after mydriasis. Wavefront aberration data were also recorded at a pupil diameter of 6 mm.
Statistical analysis
All data are expressed as the mean ± standard deviation. The χ 2 test was used to determine differences in categorical variables. One-way analysis of variance (ANOVA) was used to analyze quantitative data, and Tukey test was used to compare the mean values between individual groups. Paired t-test was used to compare data before and after cataract surgery values of Po0.05 were regarded as statistically significant. All analyses were performed using SPSS software (version 11.0; SPSS Inc., Chicago, IL, USA).
Results

Patient baseline characteristics
Overall, there were 3.8% (130/3385) first-eye cataract patients whose preoperative BCVA ≥ 20/40 during the study period. The average preoperative UCVA and BCVA were 0.43 ± 0.16 logMAR and 0.24 ± 0.07 logMAR, respectively. Six types of cataract were identified: nuclear cataract (N, 36.2%), cortical cataract (C, 27.7%), N+C (23.1%), PSC (6.1%), N+PSC (3.8%), and C+PSC (3.1%).
The characteristics of patients are presented in Table 1 . Because of differences in the sample sizes of each group, statistical analyses were only performed in the N, C, and N+C groups. There were no statistically significant differences among the 3 groups in terms of age, BCVA (ANOVA followed by the Tukey test, all P40.05), gender or eye(s) operated on (χ2 test, all P40.05). However, preoperative UCVA was better in the C group than in the N group (ANOVA followed by the Tukey test, P = 0.049). AXL was significantly longer and SE was significantly greater in the N group than in the other 2 groups (ANOVA followed by the Tukey test, all Po0.05).
The LOCS III nuclear color (NC) grade was ≤ 3 in all of the patients in the N group. The LOCS III grade was C3-C5 in the C group (≥ C4 in 80.6% (29/36) of patients). The LOCS III grade was P2-P4 in all patients in the PSC group.
Preoperative wavefront characteristics
Because the KR-1W analyzer could not assess visual quality in the PSC group, we compared the indices of visual quality among the N, C, and N+C groups.
In the N, C, and N+C groups, the ocular total HOA values were 0.88 ±0.43, 1.22 ± 0.74, and 1.31 ± 0.81 μm; coma were 0.47 ± 0.32, 0.67 ± 0.44, and 0.76 ± 0.52 μm; and spherical aberration were − 0.16 ± 0.59, 0.35 ± 0.22, and 0.35 ± 0.40 μm, respectively. Total HOA, 3rd order HOA, coma, trefoil, tetrafoil, secondary astigmatism, and spherical aberration were significantly greater in the C and N+C groups compared with the N group (Figure 2a ; ANOVA followed by the Tukey test, all Po0.05).
The internal total HOA values were 0.91 ± 0.59, 1.03 ± 0.81, and 1.44 ± 1.36 μm; coma were 0.43 ± 0.38, 0.59 ± 0.47, and 0.78 ± 0.74 μm; and spherical aberration were − 0.41 ± 0.63, 0.01 ± 0.21, and 0.11 ± 0.47 μm, respectively. Total HOA, 3rd order HOA, coma, trefoil, tetrafoil, secondary astigmatism, and spherical aberration were significantly greater in the N+C group than in the N group (Figure 2b ; ANOVA followed by the Tukey test, all Abbreviations: AXL, axial length; BCVA, best-corrected visual acuity; C, cortical cataract; IOL, intraocular lens; logMAR, logarithm of the minimal angle of resolution; N, nuclear cataract; PSC, posterior subcapsular cataract; SE, spherical equivalent; UCVA, uncorrected visual acuity. a Po0.05 vs the N group (one-way analysis of variance followed by the Tukey test).
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Po0.05). Trefoil, tetrafoil, and spherical aberration were significantly greater in the C group than in the N group (Figure 2b ; ANOVA followed by the Tukey test, all Po0.05). Figure 3 shows the typical compositions of the internal HOAs in each group. Of note, the N group was characterized by negative spherical aberration, and the C group was characterized by greater trefoil and tetrafoil, which might be due to morphologic changes, such as water clefts, and wedge-or band-shaped opacities in the lens periphery. The N+C group was characterized by positive spherical aberration and greater trefoil, tetrafoil, and coma, possibly because of combined effects of nuclear and cortical opacity.
Benefits of cataract surgery
At 1 month after cataract surgery, the UCVA improved from 0.43 ± 0.16 logMAR to 0.17 ± 0.17 logMAR (paired ttest, Po0.001), and the BCVA improved from 0.24 ± 0.07 logMAR to 0.03 ± 0.09 logMAR (paired t-test, Po0.001). Overall, 86.92% (113/130) of patients had a BCVA o0.1 logMAR and 96.92% (126/130) had a BCVAo0.2 logMAR. The overall satisfaction score was as high as 9.17 ± 0.69. For ocular HOAs, significant decreases in total, 3rd order, and 4th order HOAs were found in each group following surgery. For internal HOAs, significant decreases in total HOA, 3rd order HOA, and coma were also found in these three groups (Figure 4 , paired t-test, all Po0.05). In the C group, significant changes were specifically observed in the internal trefoil and tetrafoil (paired t-test, P = 0.004 and 0.012, respectively), and in the N+C group, all the internal aberrations assessed were decreased (Figure 4 , paired t-test, all Po0.05).
Consequently, PSF and MTF data were increased remarkably in all 3 groups: the preoperative Strehl Ratio was 0.09 ± 0.08, which improved to 0.18 ± 0.12 postoperatively (paired t-test, Po0.001). 
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Discussion
Visual acuity is usually considered as the primary indicator for cataract surgery. 5, 14, 15 In China, this demarcation line is usually set at BCVAo20/40. However, many patients having good visual acuity still experience difficulties performing activities of daily living because of cataract-related visual disturbances. Therefore, visual acuity alone might be insufficient for determining the suitability of cataract surgery in these patients. In the current study, we assessed objective functional visual outcomes of cataract surgery in patients with preoperative BCVA ≥ 20/40. We found preoperative wavefront variables were generally poor in these patients, and cataract surgery significantly improved both the visual acuity and visual quality of these patients, which demonstrated that cataract surgery is indicated for these patients after careful assessment of their visual function.
There were some interesting characteristics in this special population. First, most of the patients in the C and PSC groups were not myopic before cataract surgery, whereas the patients in the N group were myopic because of lenticular or axial factors. Second, although the LOCS III grade was ≥ C4 in 80.6% (29/36) of patients in the C group, the preoperative UCVA was significantly better in this group than in the other groups, which may explain why many patients with severe cortical cataract (identified by clinician) do not report equivalent visual dysfunction. Therefore, careful assessment of visual function and an adequate explanation of the outcomes of surgery are necessary before deciding to perform cataract surgery in cortical patients. Third, different types of cataract had unique compositions of the internal HOAs (Figure 3) , which may correspond to the related morphologic changes.
Poor preoperative wavefront results might help to explain the complaints of poor vision and allow correlation to be evaluated in patients with good preoperative BCVA. Previous studies reported that in cataract-free eyes, the total HOA ranged from 0.27 to 0.58 μm, [16] [17] [18] [19] coma from 0.14 to 0.21 μm, [20] [21] [22] and spherical aberration from 0.02 to 0.22. 16, 18, 20, [23] [24] [25] [26] However, the total HOA (0.88, 1.22, and 1.31 μm) and coma (0.47, 0.67, 0.76 μm) were significantly increased in the good visual acuity cataract patients of our study compared with those in the cataract-free eyes of previous studies, [16] [17] [18] [19] [20] [21] [22] indicating visual deteriorations in these patients. Spherical aberrations of our patients were either more negative (−0.16 μm in the N group) or more positive (0.35 μm in C and N+C groups) than those of cataract-free eyes reported previously. 16, 18, 20, [23] [24] [25] [26] Internal aberrations may better represent the lens-induced changes, which were all significantly increased compared with the cataract-free eyes reported previously. [27] [28] [29] Thus, the relatively aggravated wavefront results might imply the Specific components of wavefront analysis may also predict specific visual complaints. For example, in a prior report, glare was associated with the total HOA and spherical aberration, and double vision was mainly associated with coma. 30 It is also notable that cortical cataract patients often reported starburst, which may be due to the high rates of peripheral aberrations such as trefoil and tetrafoil according to our data. Therefore, remarkably elevated HOAs might be an important source of visual disturbance in cataract patients with good visual acuity. 31, 32 Patients with good preoperative visual acuity but poor visual function can benefit from cataract surgery. Our patients reported high satisfaction scores after cataract surgery. Similar results were reported by Amesbury et al, 33 who found that the subjective visual function was significantly improved by cataract surgery in patients with a preoperative BCVA better than 20/20. However, they only reported subjective visual outcomes in patients with BCVA ≥ 20/20. And our study added objective evidence to the benefit of cataract surgery in patients with BCVA ≥ 20/40, which is a more common criterion for cataract surgery in China. In these patients, high HOAs may have a more important role than lens opacity in terms of visual dysfunction, and removal of the lens eliminates most lens-associated aberrations. Thus, changes in internal aberration might better illustrate the effect of replacing the crystalline lens with an IOL. Remarkably, the internal total HOA, third order HOA, and coma decreased in the N, C, and N+C groups, consistent with significant improvements of visual function in these patients. Besides, the visual complaints could also be reflected by the MTF and PSF values. Preivous studies [34] [35] [36] reported that low values of PSF and MTF were related to the symptoms of halos, starburst, hazy vision, double or multiple image and night vision complaints, and cataract surgery can significantly improve the MTF and PSF values. Our study also found the improvement of visual complaints, accompanied by the increase of MTF and PSF postoperatively. Since the purpose of this study was to explore the objective visual function, we did not describe these in detail.
It is worth noting that although the main emphasis of our study was the objective visual function of cataract patients with good visual acuity, especially the internal aberrations, yet wavefront analysis alone could not suffice to justify the surgical intervention. It might inform patients' decisions, but there are many other factors needed to be taken into account.
In conclusion, the results of our study indicated that patients with preoperative BCVA 20/40 or better can still benefit from cataract surgery. This finding shows that arbitrary BCVA thresholds of worse than 20/40 cannot always be used to determine who will benefit from cataract surgery.
Summary
What was known before K Change of subjective sensation such as VF-14 score in cataract patients with relatively good preoperative visual acuity after surgery has been studied before and an improvement has been found.
What this study adds K We assessed objective functional visual outcomes of cataract surgery in patients with preoperative BCVA {greater than or equal to} 20/40. We found preoperative wavefront variables were generally poor in these patients, and cataract surgery significantly improved both the visual acuity and visual quality of these patients, which demonstrated that cataract surgery is indicated for these patients after careful assessment of their visual function.
